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Wednesday, February 29, 2012 599aenhance their interaction with the biological environment can help achieve tar-
geting, triggered self-assembly, remote actuation with radiofrequency fields,
sensing of kinase activity, and delivery of short interfering RNAs. In collabo-
ration with Erkki Ruoslahti (Burnham Institute), we have explored how deco-
rating the surface with peptides obtained from in vivo phage display can alter
the properties of these nanoparticles and control their trafficking. To increase
the accumulation of the nanoparticles at the tumor site we are exploring
in vivo self-assembly of these particles. Our approach is inspired by platelets_
natural microparticles that normally circulate in a latent form but can home to
sites of injury and transform to an activated state, whereby they adhere and re-
cruit more platelets. This results in assemblies of magnetic nanoparticles that
may then acquire emergent properties, allowing either their enhanced visuali-
zation or remote actuation of drug delivery. More recently, we have also emu-
lated biological systems where biological components remotely communicate
via biological intermediates. The resultant nanoparticle formulations then act
as a ‘‘system’’ to produce emergent behaviors for enhancing diagnosis and
therapy.
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Co-Opting Moore’s Law: Vaccines and Medicines made from a Wafer
Joseph M. DeSimone1,2.
1University of North Carolina at Chapel Hill, Chapel Hill, NC, USA,
2North Carolina State University, Raleigh, NC, USA.
In 1965, Gordon Moore, co-founder of Intel, described the trend that the num-
ber of components in integrated circuits had doubled every year since 1958.
This trend has continued to today, enabled by advances in photolithography
which has taken the minimum feature size of transistors down from about
10 microns in 1970 to 0.045 microns (45 nm) today. In biological terms,
this corresponds to going from the size of a red blood cell to the size of a sin-
gle virus particle! As such, this top-down nano-fabrication technology from
the semiconductor industry is, for the first time, in the size range to be rele-
vant for the design of medicines, vaccines and interfacially active Janus par-
ticles. This lecture will describe the design, synthesis and efficacy of organic
nano- and micro-particles using a top-down nano-fabrication technique we de-
veloped called PRINT (Particle Replication in Non-wetting Templates).
PRINT is a continuous, roll-to-roll, high resolution molding technique that al-
lows the fabrication of precisely defined micro- and nano-particles in a contin-
uous manner with control over chemical composition, size, shape,
deformability and surface chemistry. With these ‘nanotools’, we are establish-
ing definitive biodistribution maps to elucidate the interdependent roles that
size, shape, deformability and surface chemistry play on particle distribution
as a function of different dosage forms (IV, IP, inhaled, subcutaneous, intra-
muscular, etc). This information is setting the stage for the design of highly
effective chemo-therapeutics, chemo-preventions and cancer vaccines which
will be described.
3044-Symp
Studies in the Three-Dimensional World of a Cancer Community of Cells
Robert Austin, Liyu Liu, Bo Sun, Howard Stone.
Princeton University, Princeton, NJ, USA.
Cancer is a dynamic condition in a complex community of cells which move
and communicate in 3-D space and complex topologies. We will present results
using 3-Dmicrofabrication and materials science which maps out how the com-
munity moves and invades.
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Engineering of Polymeric Nanoparticles from Medical Applications
Omid C. Farokhzad.
Brigham and Womens Hospital and Harvard Medical School, Boston,
MA, USA.
A variety of organic and inorganic materials have been utilized to generate
nanoparticles for drug delivery applications, including polymeric nanopar-
ticles, dendrimers, nanoshells, liposomes, nucleic acid based nanoparticles,
magnetic nanoparticles, and virus nanoparticles. The two most commonly
used systems are polymeric nanoparticles and liposomes. Controlled release
polymer technology has impacted virtually every branch of medicine, includ-
ing ophthalmology, pulmonary, pain medicine, endocrinology, cardiology, or-
thopedics, immunology, neurology and dentistry, with several of these systems
in clinical practice today such as Atridox, Lupron Depot, Gliadel, Zoladex,
Trelstart Depot, Risperidol Consta and Sandostatin LAR. The annual world-
wide market of controlled release polymer systems which extends beyond
drug delivery is now estimated at $100 billion and these systems are used
by over 100 million people each year. Polymeric nanoparticles can deliver
drugs in the optimum dosage over time, thus increasing the efficacy of the
drug, maximizing patient compliance and enhancing the ability to use highly
toxic, poorly soluble, or relatively unstable drugs. These systems can also beused to co-deliver two or more drugs for combination therapy. The surface en-
gineering of these nanoparticles may yield them ‘‘stealth’’ to prolong their res-
idence in blood and the functionalization of these particles with targeting
ligands can differentially target their delivery or uptake by a subset of cells,
further increasing their specificity and efficacy. More recently combinatorial
approaches have been developed to precisely engineer nanoparticles and
screen multiple nanoparticle characteristics simultaneously with the goal of
identifying formulations with the desired physical and biochemical properties
for each specific application. The goal of this talk is to review our efforts in the
design and optimization of polymeric nanoparticles for medical applications,
which formed the foundation for the clinical translation of the first-in-
human targeted and controlled-release nanoparticles (BIND-014) for cancer
therapy.Platform: Emerging Single Molecule Techniques
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Deciphering the dynamic nature of biological processes requires developing
tools for monitoring the behavior of single molecules (SMs) in live cells. How-
ever, a key challenge lies in the difficulty of imaging and tracking SM in
three dimensions, notably for intracellular proteins that tend to diffuse rapidly
(> 0.5 um2/s). Methods currently employed for sub-diffraction 3D localization
of individual fluorophores are limited to an axial depth of ~1 um or less. Here
we present a novel multifocal microscope that permits the rapid (up to
30 frames/s) acquisition of 3D stacks. The microscope is based on the incorpo-
ration in the emission pathway of a multi-focus diffraction grating combined
with a chromatic-correction grating in order to simultaneously detect 9 differ-
ent axial planes on a single detector camera. Thereby, the system allows for
aberration-free detection of individual molecules over an axial distance of up
to 5 um. The microscope characteristics are particularly appropriate for probing
the dynamics of individual molecules in the nucleus of cultured cells. This ca-
pability is demonstrated by recording the 3Dmotion of individual inert markers
(beads or quantum dots), mRNAs, histone H2B proteins or transcription factors
in live mammalian cells. Overall, our multifocal microscope, with its ease of
use and performances, holds great promise for fast and sensitive 3D imaging
in many cellular contexts.
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Fluorescence Triple Correlation Spectroscopy Resolves Ten Intermediates
Along Different Parallel Ribosome Assembly Pathways
William K. Ridgeway, David P. Millar, James R. Williamson.
The Scripps Research Institute, La Jolla, CA, USA.
Efficient self-assembly of the bacterial 30S ribosomal subunit depends on the
interplay of a large number of sequential RNA folding and protein binding
events. In many cases the order of these events is not rigidly defined, giving
rise to an assembly landscape crossed by parallel assembly pathways. The bi-
ological and biophysical implications of parallel assembly are unclear, and
seem to contradict the current understanding of the ways large RNAs avoid ki-
netic traps. There has been very little direct characterization of the degree of
parallel assembly in ribosomes because current biophysical techniques have
difficulty resolving intermediates, especially with a large macromolecule
(>500kDa) that requires high concentrations (100-1000nM) to assemble.
To quantitate 30S intermediates, Fluorescence Correlation Spectroscopy (FCS)
was extended to create Fluorescence Triple Correlation Spectroscopy (F3CS).
By correlating three signals, F3CS can study complex stoichiometric systems,
kinetic processes and irreversible reactions. Theory, numerical correlation
strategies, and experimental practices were established and a two-photon exci-
tation, three-color detection microscope was built to perform the first F3CS
measurements. The technique is implemented as a suite of software, Triple Cor-
relation Toolbox, to enable triple correlation experiments with existing
microscopes.
F3CS simultaneously identified intermediates both on and off the ribosome as-
sembly pathways that were predicted by classic assembly maps. A weak ener-
getic bias favors one assembly pathway over the others, but the bias energy is
not strong enough to prevent the formation of intermediates off of the favored
pathway. The interaction energies of ribosomal proteins S7, S9 and S19 are ini-
tially weak, which in principle reduces the potential for kinetic traps. F3CS has
600a Wednesday, February 29, 2012broad applications for identifying the subunit composition of non-ribosomal
macromolecular complexes, non-destructively and in real time, and for identi-
fying time-reversal asymmetries.
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Direct Observation of Rotary Catalysis of Rotorless F1-ATPase by High-
Speed Atomic Force Microscopy
Ryota Iino1, Takayuki Uchihashi2, Toshio Ando2, Hiroyuki Noji1.
1University of Tokyo, Tokyo, Japan, 2Kanazawa University,
Kanazawa, Japan.
F1-ATPase (F1) is an ATP-drivenmotor in which three torque-generating b sub-
units in the a3b3 stator ring sequentially undergo conformational changes upon
ATP hydrolysis to rotate the central shaft g unidirectionally. Although exten-
sive experimental and theoretical work has been done, the structural basis of
cooperative torque generation to realize the unidirectional rotation remains elu-
sive. In this study, using high-speed atomic force microscopy, we show that the
rotorless F1 still ‘‘rotates’’; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction,
similar to the rotary shaft rotation in F1. This result provides clear evidence
that the structural basis of unidirectionality is programmed in the stator ring.
The present findings also have implications for cooperative interplay between
subunits in other relevant hexameric ATPases.
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A Transgenic Mouse Model for Imaging Single RNA Dynamics In Vivo
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Xiuhua Meng1, Antonia Follenzi1, Hyungsik Lim2, Robert H. Singer1.
1Albert Einstein College of Medicine, Bronx, NY, USA, 2Hunter College,
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We present a novel mouse model for studying the dynamics of mRNA in live
cells and tissues. The MS2-GFP labeling technique has been widely used to vi-
sualize single RNA in living cells. We extend the utility of the technique for
single molecule imaging in the context of a whole-animal system. The MS2-
GFP technique exploits the high affinity binding of the MS2 bacteriophage cap-
sid protein (MCP) to the MS2 RNA binding site (MBS). MCP is fused with
green fluorescent protein (GFP), and 24 repeats of MBS are inserted into the
RNA of interest. In order to apply the technique for live tissue imaging, we ge-
netically engineered two mouse models: MCP-GFP transgenic mouse,
Tg(MCP-GFP), and Actb-MBS mouse. In the Actb-MBS mouse, MBS cassette
is knocked into the 3’ untranslated region (3’ UTR) of the essential b-actin gene
(Lionnet et al., Nature Methods, 8, 165, 2011). By crossing Tg(MCP-GFP)
mouse and Actb-MBS mouse, we generated a hybrid mouse expressing fluores-
cent RNA in every cell and tissue where b-actin is present. The homozygous
mouse is viable and exhibits no gross abnormalities despite the addition of
1.2 kbpMBS cassette and approximately 1.2 MDa of MCP-GFP to the essential
b-actin mRNA. These results suggest that this technology could be applied to
a wide range of genes with minimal perturbation. Using this mouse, we are in-
vestigating the dynamics of b-actin mRNA transport in acute brain slices using
multiphoton microscopy. In addition, single-molecule tracking of mRNA is
employed to understand the mechanism of mRNA localization in hippocampal
neuron cultures. The mouse model combined with high-resolution imaging can
provide important insights into the dynamic regulation of an endogenous gene
in its native tissue environment.
This work was supported by NIH-GM86217, GM84364, and NIH-F32-
GM87122.
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The study of the role and mechanics of proteins in a cell is crucial to under-
standing the complexity of cells. Most biological systems respond to a change
by adding heterogeneity to its population states. One of the most effective ways
of studying a biological system is to compare the population states of proteins
as a function of time and chemical environments. Unfortunately, some of the
subpopulations induced by external stimulation are too small and are hidden
under ensemble averaging when using traditional methods like gel-
electrophoresis. We have developed single-molecule methods capable of re-
solving subpopulations and monitoring the transition of individual molecules
to its various function states. Using these methods we can rapidly screen protein
functionality in a large reagent space. In collaboration with Dr. Stephen Quakeat Stanford, we have designed a dual-layered poly-dimethylsiloxane (PDMS)
microfluidic chip (‘‘formulator’’) with seven independently addressable solu-
tion channels, a mixing ring, and a single-molecule detection region. The entire
apparatus is computer controlled in a fully automatic manner. The mixing ring
homogenizes a wide variety of combinations of the source solutions, allowing
automated observation under various conditions. On this foundation, we have
developed a novel single-molecule transcription assay based on fluorescence
resonance energy transfer (FRET). The method assays the enzymatic activity
of e-coli RNAP by quantifying the amount of mRNA transcripts produced.
With this assay, we have screened the enzymatic activity of RNAP as a function
of potassium glutamate, and showed evidence of osmolytes acting as genetic
regulators, as suggested in the past. The formulator is not limited to the use
for RNAP. It can be used to study any proteins (DNA polymerases, ribosomes,
helicases, vault proteins, etc.) in high-throughput with precision unachievable
by human hands.
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Hong-Won Lee1,2, Janghyun Yoo1,2, Taeyoon Kyung1,3, Tackhoon Kim3,
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Co-immunoprecipitation (co-IP) and western blotting are the gold standards for
assessing protein-protein interactions. However, their protein band output only
provides qualitative and static information on protein compositions and their
interactions. In this study, we demonstrate a quantitative transformation of
the traditional western and co-ip techniques using in situ single-molecule level
measurements with millisecond time resolution. We have quantified the molar
concentration of specific proteins in whole cell or tissue extracts and deter-
mined the stoichiometry and kinetics of their interactions. We have then
used our methods to quantify the expression level and signaling frequency of
oncogenic Ras that has been directly pulled down from tumor tissues. Our re-
sults suggest that these techniques will make valuable additions to the molec-
ular diagnostic repertoire of modern biomedicine.
Remark to the program chairs
Recently, Dr. Taekjip Ha and co-workers reported on single-molecule pull
down. They showed that target proteins of tiny amount can be selectively im-
mobilized on surface while thousands of other proteins are effectively rejected
from the same surface (Nature 473, 484 (2011)). Inspired by this approach, we
have transformed the co-IP and western blotting into quantitative methods. By
employing fluorescently labeled binding competitors, we demonstrate single-
molecule western analysis, in which we robustly measure the true molar con-
centration of specific proteins in cell or tissue extracts. We also demonstrate
that in situ imaging can be done during single-molecule co-IP, which crucially
enables to access weak and transient protein-protein interactions. Finally, we
show that oncogenic Ras proteins pulled down from a tumor tissue indeed
shows a higher activation percentage as well as a higher expression level
than Ras from normal tissues. Our techniques rapidly assess the strength of
a certain signaling step, which should be useful for the molecular diagnostics.
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Soft Matter Based Nanofluidic Platform for Highly Parallel Mixing of
Sub-Attoliter Total Volumes
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Small unilamellar lipid vesicles (SUVs) arrayed at solid supports are useful as
nanoscopic test tubes for microscopy-based experiments with few or single
molecules(1). Encapsulation in SUVs enables spatial confinement of biomole-
cules at a glass coverslip while retaining them free in solution and in a native-
like environment. Manipulating and mixing the content of individual SUVs
has, however, proven challenging due to their nanoscopic dimensions. We
demonstrate a fluidic platform that allows triggering highly parallelized
mixing of reagents loaded in individual SUVs with self-enclosed volumes as
19small as 10 l(2). We encapsulated
one set of reactants in vesicles immobilized
at a glass surface and triggered fusion
of these stationary nanoreactors with dif-
fusing vesicles of opposite charge that car-
ried a complementary set of reactants.
Productive and leakage-free mixing was
achieved on ~85% of the ~106 cm2
